Summary Cigarette smoking continues to be the most preventable cause of illness and death and has been linked to the development and prognosis of cancer. Current smokers have higher levels of inflammation than nonsmokers, and inflammation can remain elevated in former smokers even years following cessation. Inflammation can also be enhanced by stress. This study examined cortisol and inflammatory responses to a laboratory stressor in breast cancer survivors who formerly smoked compared to their counterparts who had never smoked. Participants included 89 women (age = 51.6 AE 8.9 years) who had completed treatment for stage 0-IIIA breast cancer within the past three years and were at least two months post surgery, radiation or chemotherapy, whichever occurred last. Cortisol and interleukin-6 (IL-6) were evaluated in response to a standardized laboratory speech and mental arithmetic stressor. Former (n = 25) and never (n = 64) smokers did not differ by cancer stage, cancer treatment, comorbidities, time since cancer treatment, depression, or stress. Despite having similar cortisol responses to the stressor, former smokers had exaggerated IL-6 responses two hours post-stressor compared to never smokers. This effect persisted after controlling for age, BMI, time since treatment, education, and antidepressant §
Introduction
Cigarette smoking continues to be the most preventable cause of illness and death and has been linked to the development and prognosis of cancer. Between 1997 and 2001, more than 450,000 deaths resulted from cigarette smoking each year (Center for Disease Control and Prevention, 2005) . On average, adults who smoke cigarettes die 14 years earlier than nonsmokers (Doll et al., 2004) . Dysregulated immune function, including chronic inflammation, may underlie the increased risk of developing smoking-related chronic diseases such as cancer and premature death (Cross et al., 1999) .
Cigarette smoking boosts systemic inflammation (Das, 1985) . For example, current smokers have higher basal levels of C-reactive protein (CRP), interleukin (IL)-6, and tumor necrosis factor-alpha (TNF-a) compared to individuals who have never smoked (Bermudez et al., 2002; Bo et al., 2005; Haddy et al., 2005; Wannamethee et al., 2005; Nazmi et al., 2008) . Furthermore, CRP and IL-6 levels increase with greater smoking exposure as indexed by number of cigarettes smoked per day or pack years (Mendall et al., 2000; Bazzano et al., 2003; Helmersson et al., 2005; Wannamethee et al., 2007) .
Some data suggest that inflammation may remain elevated even years after smoking cessation. For example, compared to never smokers, CRP levels were higher in former smokers 10-20 years following smoking cessation (Frohlich et al., 2003; Wannamethee et al., 2005) . Similarly, past smokers had elevated IL-6 levels compared to nonsmokers (Wannamethee et al., 2007) . Reasons behind persistent inflammation remains unclear; it has been suggested that systemic hypoxia and tissue damage may continue driving elevated inflammation as the body recovers from chronic exposure to over 7000 inhaled chemicals (Agusti et al., 2003; United States Department of Health and Human Services, 2010) .
This study addressed an additional possibility, the hypothesis that inflammatory responses to acute stress may be enhanced among former smokers. Cortisol, a primary stress hormone, inhibits immune cell activity by binding to glucocorticoid receptors and reducing cytokine production (Brattsand and Linden, 1996; Barnes, 1998) . However, chronically elevated cortisol can lead to glucocorticoid resistance, such that immune cells down-regulate the expression of glucocorticoid receptors (Webster and Cidlowski, 1994; Webster et al., 2002) . In turn, this down-regulation leads to increased inflammation because cortisol cannot effectively dampen excessive cytokine production (Miller et al., 2002) .
Cigarette smoking has been linked to the alterations in hypothalamic-pituitary-adrenal (HPA) activity. Nicotine, the addictive component in tobacco, can stimulate the HPA axis and result in greater cortisol release (Balfour, 1989; Mendelson et al., 2005) . Among smokers, both basal cortisol levels and the cortisol awakening response were greater than nonsmokers' cortisol levels (Rohleder and Kirschbaum, 2006; Steptoe and Ussher, 2006) . Smokers exhibited a blunted cortisol response to a laboratory stressor compared to nonsmokers (Kirschbaum et al.,1993b (Kirschbaum et al., , 1994 al'Absi et al., 2003; Childs and de Wit, 2009) . Furthermore, smokers can develop glucocorticoid resistance (Pedersen et al., 1996; Barnes and Adcock, 2009) .
However, despite the evidence of HPA dysregulation in current smokers, it is unclear whether these alterations continue after smoking cessation. The current study investigates this possibility by comparing responses of former and never smokers to a laboratory stressor. To our knowledge, this investigation is the first study to compare HPA responses to an acute stressor in former and never smokers.
A breast cancer diagnosis and its treatment are typically stressful, and many breast cancer survivors continue to report significant distress following treatment (Härtl et al., 2003; McGregor and Antoni, 2009) . Prior stress exposure and/or depression may enhance stress-induced inflammatory responses (Glaser et al., 2003; Pace et al., 2006) . Thus, using a sample of breast cancer survivors to examine acute stress responses may offer an opportunity to investigate how past smoking may affect physiology. Accordingly, we investigated cortisol and IL-6 responses to an acute laboratory stressor in former and never smokers. We hypothesized that former smokers would have a reduced or blunted cortisol response to the acute stressor compared to never smokers. In addition, we expected that the IL-6 response would be larger in former smokers than never smokers.
Methods

Participants
The study data were drawn from the baseline sample (prior to randomization) of a clinical trial assessing the impact of yoga on fatigue and inflammation in breast cancer survivors. We used all available participants who had provided baseline data, except for 9 current smokers because the group was too small to make meaningful conclusions, 2 participants who did not have baseline IL-6 levels, and 5 participants were removed due to lack of both IL-6 assessments post-stressor. In addition, one never smoker had IL-6 levels 3 standard deviations above the mean at all three time points; therefore, this participant's data were dropped from all analyses.
Women were recruited through breast cancer clinics, community fliers, and media announcements. Eligible women completed treatment for stage 0-IIIA breast cancer within the past three years (except for selective estrogen receptor modulators or aromatase inhibitors) and were at least two months post surgery, radiation, or chemotherapy, whichever occurred last. Screening exclusions included a prior history of breast or any other cancer except basal or squamous cell, more than five hours a week of vigorous physical exercise, current yoga practice, diabetes, uncontrolled hypertension, evidence of liver or kidney failure, and symptomatic ischemic heart disease. The Ohio State Biomedical Cancer Research Review Committee approved the project; all subjects gave written informed consent prior to participation.
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Procedure
Women arrived at the hospital research unit at 0830 h. A nurse inserted a catheter into each participant's arm to collect a fasting blood sample after measuring blood pressure, temperature, weight, and height. Following consumption of a standardized breakfast, the women were allowed to relax for 20 minutes and provided a baseline saliva sample immediately following the relaxation period.
Next, the women completed the Trier Social Stress Test (TSST; Kirschbaum et al., 1993a) , a well-validated laboratory stressor that provokes reliable physiological responses (Kudielka et al., 2004) . For the speech, participants were told to imagine that they had an interview for a new job; they were given 10 minutes to prepare a speech about why they were the best candidate. Following speech preparation, participants were escorted to another room where they saw a microphone, video camera, and an audience panel. They were told that the panel would not be responsive except to track time and was trained in behavioral observation to rate their speech's content and style. Participants delivered their 5 minute speech and were asked to perform several serial subtraction tasks for an additional 5 minutes. The serial subtraction task requires participants to subtract one or two digit numbers repeatedly from a four digit number under pressure to perform well.
Saliva samples were collected immediately after the stressor and 30, 45, 60, 75, and 120 minutes post-stressor. Nurses drew blood 45 and 120 minutes after the stressor had ended. Participants continued to fill out questionnaires following the stressor until the final blood draw and saliva collection was complete.
The blood draw collection times were selected based on the meta-analysis by Steptoe et al. (2007) . Although the authors note that the inflammatory response to stress appears to be delayed, the exact time course has yet to be established (Steptoe et al., 2007) . After reviewing the study designs included in the meta-analysis, we found that 6 of 7 studies collected blood between 40 and 45 minutes post-stressor and found significant increases in IL-6 (Altemus et al., 2001; Steptoe et al., 2001 Steptoe et al., , 2002 Kunz-Ebrecht et al., 2003; Owen et al., 2003; von Kanel et al., 2006) and only 2 of 4 studies found significant IL-6 changes at 30 minutes (Brydon et al., 2005; Edwards et al., 2006) . Therefore, we used the 45 and 120 minute post-stressor collection times.
Biological assays
Saliva samples were collected using a salivette (Sarstedt, Newton, North Carolina), an untreated sterile cotton roll that was placed in the subject's mouth for approximately 2 minutes or upon saturation. Samples were placed in a À24 8C freezer after collection and analyzed using the Cortisol Coat-A-Count radioimmunoassay (Siemens Medical Solutions Diagnostics, Los Angeles). The lowest limit of detection was .025 mg/dL. The intra-assay and inter-assay coefficients of variation were 4.3% and 5.2%, respectively.
IL-6 levels were determined using Quantikine High Sensitivity Immunoassay kits (R&D Systems, Minneapolis, MN) according to the kit instructions. Serum samples were stored in a À80 8C freezer until assay and were run undiluted in duplicate. The sensitivity of the kit to detect IL-6 was 0.039 pg/mL. Intra-assay coefficient of variation ranged from 6.9 to 7.8% and inter-assay coefficient variation ranged from 6.5 to 9.6%.
Measures
Participants answered questions about their age, race, highest level of education, and current medication use. Smoking history was assessed using questions adapted from the National Social Life, Health, and Aging Project (Drum et al., 2009) . Pack years was calculated as the average number of packs per day times the number of years smoked. Time since smoking cessation was calculated by subtracting the date participants stopped smoking from the date of their visit. Following participants' authorization, medical records were used to confirm cancer stage, type of treatment(s), and treatment end date(s). Body mass index (BMI; kg/m 2 ) was calculated from height and weight data collected during the visit. Time since treatment was calculated by subtracting the date of last treatment from the date of their visit. Participants provided data on current medication use.
The Charlson index, the most widely used comorbidity index for predicting mortality among the cancer patients, was used to assess comorbidities (Charlson et al., 1994) . The measure assigns weights to 19 comorbid conditions based on their potential influence on one-year mortality in breast cancer patients. For example, moderate to severe renal disease would receive a higher number on the index than diabetes.
The 14-item Perceived Stress Scale (PSS) was used to assess global stress levels (Cohen et al., 1983) . It measures the degree to which individuals rate the current state of their lives as stressful. The scale assesses how overloaded, unpredictable, and uncontrolled respondents feel about their lives. In the analyses, PSS scores were used as a continuous variable.
The Center for Epidemiological Studies-Depression scale (CES-D) is a widely used 20-item scale assessing depressive symptomatology (Radloff, 1977) . Population norms provide cutoffs for varying levels of depression, with higher scores signifying more depressive symptoms (Roberts and Vernon, 1983; Basco et al., 1997) . It has been widely used with cancer populations (Demark-Wahnefried et al., 2003) . In the analyses, CES-D scores were used as a continuous variable. In Table 1 , we also provide the number of participants with CES-D score greater than 16, the cut-off suggesting clinical depression.
The Multidimensional Fatigue Symptom Inventory-Short Form (MFSI-SF) is a 30-item scale that assesses five dimensions of fatigue (Stein et al., 1998 (Stein et al., , 2004 . The total score represents the sum of four subscales (general fatigue, physical fatigue, emotional fatigue, and mental fatigue) minus the vigor subscale. In the analyses, total fatigue scores were used as a continuous variable.
The Pittsburgh Sleep Quality Index (PSQI) assessed sleep quality and sleep disturbances (Buysse et al., 1989) . The scale has good internal consistency (Cronbach a of 0.85) and high test-retest reliability (r = .86) over a 45 day period (Backhaus et al., 2002) . In the analyses, total sleep scores were used as a continuous variable.
Statistical methods
The IL-6 and cortisol responses post-stress were compared between former and never smokers, as well as the change from 45 minutes post-stress to 120 minutes post-stress. Since several observations were measured within each subject, linear mixed models were used to test the effects of former smoking status while taking into the account the correlation within subject (Diggle et al., 2002 ). An unstructured variance-covariance structure was fitted to estimate error variance. These models were fit using PROC MIXED in SAS with a REPEATED statement (SAS Institute V. 9.2, Cary, NC, USA). Models were adjusted on baseline values and included age, BMI, time since treatment, education, antidepressant use, smoking history, and time post-stressor (categorical) as well as the interaction between smoking history and time. Antidepressant use (1 = user vs. 0 = nonuser) was an aggregate variable that included use of tricyclics, selective serotonin reuptake inhibitors (SSRIs), and monoamine oxidase inhibitors (MAOIs). IL-6 values were natural log-transformed and cortisol values were log 10 transformed so that residuals were approximately normally distributed. Comparisons between former and never smokers on demographic variables were made using two sample t-tests for means, and Fisher's exact test for categorical variables. A two-sided significance level of a = 0.05 was used for all tests.
Results
Characteristics of sample
The final analysis sample consisted of 89 subjects who had information on current and past smoking status as well as baseline (pre-stressor) IL-6 and cortisol data. IL-6 data were complete for 85 subjects (96%) and cortisol data were complete for 84 subjects (94%); the remaining subjects had intermittent missing values but were included in the mixed-model analyses.
Sample characteristics for 64 never smokers and 25 former smokers are summarized in Table 1 . Cancer-specific characteristics for the sample are presented by smoking history group in Table 2 . Former smokers and never smokers were similar on almost all characteristics. The participants were very healthy; only 6 participants reported having comorbidities including squamous cell carcinoma, asthma, and myocardial infarction. The sample was primarily Caucasian, and cancer stage was equally distributed between smoking history groups ( p = 0.95). Former smokers were more likely to have less education ( p = 0.03) and more likely to use antidepressants ( p = 0.01) compared to never smokers, and thus education and antidepressant use were included as potential confounders in all regression models.
Salivary cortisol response to TSST
Overall there was a significant increase in salivary cortisol immediately after the stressor and significant subsequent decrease over the two hours post-stressor ( p < 0.001 for both). Former smokers' salivary cortisol response did not differ from never smokers ( p = 0.54). The raw cortisol data are presented in Table 3 for never and former smokers. Fig. 1 shows the cortisol (log 10 transformed and raw) response to the laboratory stressor for never and former smokers, adjusted for baseline cortisol, age, BMI, time since treatment, education, and use of antidepressants. Education and antidepressant use were not significant predictors and their exclusion did not modify the outcome of the model.
Serum IL-6 response to TSST
Overall there was a significant IL-6 increase in response to the acute stressor ( p < .001). Fig. 2 displays the average IL-6 (natural log transformed and raw) response to the laboratory stressor for never smokers and former smokers, adjusted for baseline IL-6, age, BMI, time since cancer treatment, education, and antidepressant use. The raw IL-6 levels are presented in Table 3 for never and former smokers. There were significant differences between never smokers and former smokers in their IL-6 responses to stress (Table 4) . Former smokers' IL-6 levels rose less steeply 45 minutes following the stressor compared to never smokers, though the difference was not significant ( p = 0.25). However, from 45 minutes to two hours post-stressor, former smokers had a significantly larger increase in IL-6 compared to never smokers ( p = 0.01). Education and antidepressant use were not significant predictors and their exclusion did not modify the outcome of model. As several other factors may affect IL-6 levels, we also investigated the effects of other possible confounders, including race, cancer stage, comorbidities, sleep, perceived stress, depression, and fatigue. Since sleep, stress, depressive symptoms, and fatigue were highly correlated, these variables were entered individually into the adjusted regression models. None of these variables were significantly associated with the IL-6 response post-stressor, and adding these covariates had negligible effects on estimates presented in Table 4 and Fig. 2. 
Former smoking behavior characteristics
Secondary analyses examined the effects of lifetime tobacco exposure (e.g., pack years) and the time since smoking cessation on baseline IL-6 levels and the IL-6 response to the stressor for former smokers. When controlling for age and BMI, neither time since quitting ( p's > .61) nor total pack years ( p's > .22) was significantly associated with baseline IL-6 levels or the IL-6 response to the stressor (results not shown).
Discussion
Among our sample of breast cancer survivors, exposure to the TSST led to significant cortisol and IL-6 increases in both groups. However, smoking history modified the IL-6 response, despite similar cortisol responses between former and never smokers. Specifically, compared to individuals who had never smoked, past smokers' IL-6 response was exaggerated and more prolonged at two hours post-stress. This result remained significant even after controlling the use of antidepressants and psychological factors such as perceived stress, depression, and fatigue. Among former smokers, neither lifetime tobacco exposure nor time since smoking cessation was related to their baseline IL-6 levels or heightened and persistent IL-6 stress response.
Cigarette smoking exposes individuals to more than 7000 chemicals, including heavy metals such as cadmium (USDHHS, 2010) . In vitro cadmium exposure can induce cytokine production from lung epithelial and immune cells. For example, cadmium exposure increased production of IL-8, IL-6, and interferon-gamma (IFN-g) (Krocova et al., 2000; Låg et al., 2010; Cormet-Boyaka et al., 2012) . Cadmium has a half life of 15-30 years (Jin et al., 1998; Rennolds et al., 2010) . Therefore, long term heavy metal exposure could be a factor contributing to persistent inflammation observed in former smokers. Due to the bidirectional communication between the immune and neuroendocrine systems, it is possible the continued presence of heavy metals could perpetually modulate acute stress responses.
Current smokers have elevated basal cortisol and an attenuated cortisol response to an acute stressor compared to nonsmokers (Kirschbaum et al., 1993b; al'Absi et al., 2003; Rohleder and Kirschbaum, 2006; Steptoe and Ussher, 2006) ; suggesting dysregulated diurnal rhythmicity and stress reactivity of the HPA axis. Baseline cortisol levels did not differ Table 4 Group effects on IL-6 outcomes after a laboratory stressor (natural log transformed). between former and never smokers. Additionally, the baseline cortisol levels for both groups fall within the published reference range (0.094-1.515 mg/dL) for females 31-70 years old (Aardal and Holm, 1995) . Our study is the first to investigate the cortisol response to an acute stressor in former smokers compared to never smokers. Although it did not reach statistical significance, former smokers' cortisol response was lower than never smokers, mirroring the pattern observed when comparing current and nonsmokers. Based on our data, the estimated effect size of Cohen's d = 0.3 would require 176 participants per group to have 80% power to detect significant differences in the cortisol stress response between never and former smokers. Therefore, we cautiously interpret our nonsignificant cortisol finding and suggest that future studies address this question with a larger sample.
Cortisol is immunoregulatory and can limit inflammatory stress responses. However, our data show that despite similar cortisol responses, former smokers had an exaggerated IL-6 response compared to never smokers. Glucocorticoid resistance, characterized by a reduction in lymphocytes' sensitivity to cortisol, may offer a possible explanation for the significant IL-6 group differences without significant cortisol differences.
Smokers can develop glucococorticoid resistance (Pedersen et al., 1996; Barnes and Adcock, 2009) . For example, when compared to nonsmoking asthmatics, asthmatic smokers were unable to control their symptoms using traditional glucocorticoid therapy (Chaudhuri et al., 2003) . Future studies should investigate the presence of glucocorticoid resistance in healthy smokers compared to healthy never smokers. If glucocorticoid resistance is highly prevalent in current smokers, former smokers may offer a unique opportunity to investigate the time required for glucocorticoid receptor sensitivity to return. If the development of glucocorticoid resistance is not pervasive among smokers, then glucocorticoid resistance might be a clinically useful tool in identifying individuals at a heightened risk of developing inflammatory diseases such as asthma, autoimmune diseases, and cancer.
In our data, baseline IL-6 did not differ between former and never smokers. In addition, former smoking characteristics such as pack years and time since quitting did not affect baseline inflammation levels unlike prior reports (Frohlich et al., 2003; Wannamethee et al., 2005 Wannamethee et al., , 2007 . For example, Wannamethee et al. (2007) found that among nearly 3500 men (60-79 years old), 1999 former smokers had elevated IL-6 levels 20 years following cessation. In contrast, our sample was much smaller and consisted of 25 female former smokers, resulting in limited power to detect a relationship between past smoking behaviors and IL-6 baseline levels.
Smoking status was collected via self-report; assessing salivary cotinine levels would have allowed us to corroborate the self-report data and confirm former smoking status. If any of the former smokers were actually current smokers, the lack of access to tobacco during the laboratory session could have influenced the stress IL-6 responses. However, given the average time lapse since smoking, we believe the participants' self-reports on smoking status. Our breast cancer survivor population included a wide range of cancer stages; therefore, differences among cancer stage and subsequent treatment may have enhanced variability in our data.
However, in our sample, we did not observe an effect of cancer stage or cancer treatment on self-reported distress or baseline cortisol or IL-6 levels.
Broadly, chronic low grade inflammation is harmful. Individuals who have higher levels of inflammation are at greater risk for Type 2 diabetes, cardiovascular disease, and cancer (Ershler and Keller, 2000) . Elevated inflammation is associated with greater all-cause mortality risk (Harris et al., 1999) . Importantly, chronic inflammation influences multiple stages of cancer progression including tumor development, invasion, and metastasis (Aggarwal et al., 2006) . In breast cancer survivors, elevated inflammation may be especially critical because it has been linked to poorer quality of life and cancer recurrence (Bower, 2007; Pierce et al., 2009) .
Repeated excessive inflammatory responses to acute stress may enhance systemic inflammation in former smokers; this heightened reactivity may offer one explanation as to why former smokers still have more illnesses and die sooner compared to never smokers (Härtl et al., 2003; Van den Beuken-van Everdingen et al., 2008) . As our data demonstrate, former smokers have an exaggerated and prolonged IL-6 response to acute stress compared to never smokers even when controlling for known psychological confounders, suggesting that an altered stress response may be another mechanism fueling persistent inflammation in former smokers.
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